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Advanced LIGO’s discovery of gravitational-wave events is stimulating extensive studies on the
origin of binary black holes. Assuming that the gravitational-wave events can be explained by
binary primordial black hole mergers, we utilize the upper limits on the stochastic gravitational-wave
background given by Advanced LIGO as a new observational window to independently constrain
the abundance of primordial black holes in dark matter. We show that Advanced LIGO’s first
observation run gives the best constraint on the primordial black hole abundance in the mass
range 1M . MPBH . 100M, pushing the previous microlensing and dwarf galaxy dynamics
constraints tighter by 1 order of magnitude. Moreover, we discuss the possibility to detect the
stochastic gravitational-wave background from primordial black holes, in particular from subsolar
mass primordial black holes, by Advanced LIGO in the near future.
Introduction.—During the first Advanced LIGO ob-
serving run, two gravitational wave (GW) events,
GW150914 and GW151226, were observed [1, 2]. Both
GW signals are found to be consistent with the mergers
of black holes (BHs). GW150914 originated from two
relatively heavy coalescing BHs with masses of 36+5−4M
and 29+4−4M [1], while GW151226 originated from two
coalescing BHs with masses of 14+8−4M and 7
+2
−2M [2].
The local merger rate of the binary black hole (BBH)
mergers has been inferred to be 3.4+8.8−2.8 Gpc
−3yr−1 for
GW150914, and 36+95−30 Gpc
−3yr−1 for GW151226 [3],
where the uncertainties are given at a 90% confidence
level. These discoveries robustly demonstrate that BBHs
indeed exist and can merge within the age of the Uni-
verse.
The origin of these BHs and the formation mechanism
of a BBH are still under debate. Besides an astrophys-
ical origin [4–7], the possibility that these BHs are of a
primordial origin and constitute a fraction of dark mat-
ter is also considered [8–14]. The primordial black hole
(PBH) abundance in dark matter has been constrained
from a variety of observations, including microlensing
events caused by massive astrophysical compact halo ob-
jects [15–18], the gas accretion effect of PBHs on cosmic
microwave background (CMB) [19] and the nondetection
of a third-order Shapiro time delay using a pulsar timing
array [20] (see Ref. [21] and references therein). Never-
theless, a primordial origin of GW150914 and GW151226
has not been ruled out.
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Currently, the nature of dark matter is still uncertain.
There is no definitive evidence for weakly interacting
massive particles (WIMPs), a prime candidate for dark
matter, from experiments such as the Particle and As-
trophysical Xenon Detector (PandaX-II) [22], the Large
Underground Xenon dark matter experiment (LUX) [23],
the Large Hadron Collider (LHC) [24], the Alpha Mag-
netic Spectrometer (AMS-02) [25] and the Fermi Large
Area Telescope (Fermi LAT) [26]. The situation moti-
vates one to consider dark matter candidates other than
WIMPs such as superWIMPs, light gravitinos, hidden
dark matter, sterile neutrinos and axions [27]. Amongst
these alternatives, PBHs are also possible candidates of
dark matter [21].
PBHs could be produced by direct gravitational col-
lapse of a primordial overdensity in the early Universe,
deep in the radiation dominated era [28–32]. At the
formation redshift zf , the PBH mass is roughly equal
to the horizon mass, namely MBH ' 4pi3 ρf (H−1f )3 ∼
30M[4×1011/(1+zf )]2 [10]. Different mechanisms have
been proposed to form binary systems from these PBHs.
Two PBHs might pass by each other accidentally and
then form a binary due to energy loss by gravitational
radiation [8, 9]. To account for the estimated GW event
rate, PBHs need to contribute to most of the dark matter
in this model. On the other hand, two nearby PBHs can
form a binary due to the tidal force from the third neigh-
boring PBH [10, 33]. The PBH fraction of dark matter
in this model can be smaller than that of Refs. [8, 9] and
still be compatible with the estimated local merger rate
from the gravitational-wave detections. The expected lo-
cal merger rate of binary PBH mergers for both these
models is consistent with Advanced LIGO’s estimate [8–
10]. Therefore, the binary PBH scenario is capable of
explaining GW150914 and GW151226.
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2The stochastic gravitational-wave background
(SGWB) from BBHs is produced from the incoher-
ent superposition of all the merging binaries in the
Universe [34–42]. This background is potentially mea-
surable at Advanced LIGO’s projected final sensitivity
[41]. Recently, the SGWB following the PBH binary
formation mechanism in Refs. [8, 9] was shown to be
difficult to detect by Advanced LIGO detectors given
a single-mass spectrum [43]. The amplitude of the
SGWB from PBHs could be enhanced if PBHs cluster
in subhalos and have a broad mass distribution with the
width of the mass distribution ∆M & 102M [44].
In this work, we utilize the upper limit on the SGWB
given by Advanced LIGO as a new observational win-
dow to independently constrain the abundance of PBHs
in dark matter, and compare it to a variety of other
constraining methods mentioned above. Moreover, we
consider the SGWB spectra from different PBH masses,
particularly from subsolar mass PBHs, and show that
the current most stringent constraints on PBH abun-
dance can give a measurable SGWB in upcoming ob-
serving runs of Advanced LIGO. The SGWB from PBHs
provides a complementary channel to investigate the ex-
istence of subsolar mass BHs, which is a smoking gun
for PBHs, even if their GW signals are too weak to be
resolved individually.
Merger rate of primordial black hole binaries.— We
give a brief overview of the formation mechanism of the
binary PBH mergers proposed in Ref. [33] and revisited
by Refs. [10, 45] to study the merger rate of PBH bi-
naries and the SGWB from PBH binary merger. PBHs
are formed deep in the radiation-dominated epoch and
decouple from the background when the average energy
density of PBHs exceeds the background cosmic energy
density. The tidal force from a third PBH causes a PBH
pair to move along elliptical orbits and finally to merge
due to the energy loss via gravitational radiation. As-
suming the abundance of PBHs in dark matter to be f
(i.e., ΩPBH = fΩDM), and a fixed PBH mass MPBH, the
probability that the coalescence occurs in the cosmic time
interval (t, t+ dt) is given by
dPt =

3
58
[
− ( tT ) 38 + ( tT ) 337 ] dtt , for t < tc
3
58
(
t
T
) 3
8
[
−1 +
(
t
tc
)− 2956
f−
29
8
]
dt
t , for t ≥ tc,
(1)
where T = 3170
c5x¯4
(GMPBH)3f4
and tc =
3
170
c5x¯4f25/3
(GMPBH)3
are
constants, c is the speed of light, G is the gravitational
constant, and x¯ is the physical mean separation of PBHs
at the epoch of matter-radiation equality when redshift
z = zeq [10].
The merger rate of PBH binaries is then given by
RPBH(z;MPBH, f) =
3H20
8piG
fΩDM
MPBH
dPt
dt
. (2)
Here the redshift z is related to the cosmic time
t by t = t0 − 1H0
∫ z
0
dz′
(1+z′)E(z′) , where t0 denotes
the age of the Universe and E(z) ≡ H(z)/H0 =[
Ωr(1 + z)
4 + ΩM(1 + z)
3 + ΩΛ
]1/2
. Throughout this
work, we use the cosmological parameters derived from
the 2015 Planck data set [46], i.e., the Hubble constant
H0 = 67.8 km s
−1Mpc−1, the fraction of radiation Ωr =
9.061 × 10−5, the fraction of dark matter ΩDM = 0.270,
the fraction of nonrelativistic matter ΩM = 0.307 and
the fraction of dark energy ΩΛ = 1 − ΩM − Ωr. For the
PBH mass spectrum, a narrow spread distribution [47–
50] and an extended distribution [51, 52] are both con-
sidered by early Universe models. However, it has been
shown that the inflationary scenario does not favor those
with a significantly extended PBH mass distribution [21].
We also find that for a Gaussian PBH mass distribution
with a narrow width ∆M ∼ 1M the resulting SGWB
amplitude is negligibly different (less than 1% between
10 − 100Hz) from that by assuming a fixed mass distri-
bution. A later work by Ref. [53] that generalized our
constraining results also confirmed that assuming a log-
normal mass distribution with variance σ ∼ O(1) would
not change the order of magnitude of the upper limits
on PBH abundance. Therefore, given the large uncer-
tainties in the PBH mass distribution [21] and aiming
to investigate to which extent SGWB can constrain the
PBH abundance, we follow Sasaki et al. [10] and use
the simplifying assumption that all PBHs have the same
mass.
In contrast to binary PBHs, the astrophysical BBH
merger rate Rastro(z), which is described in e.g., Ref. [41],
peaks at z = 1 ∼ 2, because of the peak in the astro-
physical star formation rate [54]. While for the PBH
binaries whose mass and local merger rate are consis-
tent with those of GW150914 and GW151226, the merger
rate RPBH(z) keeps rising out to a large redshift (at least
z ∼ 30, see Ref. [55]), due to the fact that PBHs form in
the early Universe, and thus have a larger merger rate at
high redshift than astrophysical BBHs.
The merger rate as a function of redshift, espe-
cially at high redshift, can give us important infor-
mation about the origin of BBHs, since RPBH(z) and
Rastro(z) behave differently. Recently it has been pro-
posed that Pre-DECIGO (pre-DECihertz laser Interfer-
ometer Gravitational-wave Observatory) can determine
the origin of GW150914-like BBHs by measuring the
mass spectrum and the z dependence of the merger rate
[55]. Therefore, future space-based GW detectors, such
as LISA [13, 56], DECIGO [57], and BBO [58], may also
be used to study the origin of BBHs. The correlation of
GW events with galaxy catalogs may also distinguish the
origin of BBHs [59].
Stochastic gravitational-wave background energy den-
sity spectrum.—Given the merger rate of BBHs, one can
3obtain the SGWB energy density spectrum from
ΩGW =
ν
ρc
dρGW
dν
, (3)
where dρGW is the gravitational radiation energy density
in the frequency interval (ν, ν+dν), and ρc = 3H
2
0 c
2/8piG
is the critical energy density of the Universe [60]. For the
SGWB produced by binary PBH mergers, ΩGW can be
expressed as an integral over the redshift, namely
ΩGW(ν;MPBH, f) =
ν
ρcH0
∫ zsup
0
RPBH(z;MPBH, f)
(1 + z)E(z)
(4)
× dEGW
dνs
(νs) dz,
where dEGW/dνs(νs) is the GW energy spectrum of
BBHs coalescence, νs is the frequency in the source
frame and is related to the observing frequency ν through
νs = (1+z)ν. The factor (1+z) on the denominator con-
verts the merger rate from source frame to the observer
frame. For this work, we assume an inspiral-merger-
ringdown energy spectrum with nonprecessing spin cor-
rection [61, 62]. The upper limit of the integration is
given by zsup = min(zmax, νcut/ν − 1), where νcut is the
cutoff frequency given the energy spectrum of the BBH
and zmax is the maximum redshift predicted by the PBH
model. Since PBHs are formed in the early Universe,
zmax is larger than νcut/ν−1 so that zsup never takes the
value of zmax in the Advanced LIGO sensitive frequency
band.
Ref. [43] investigates the SGWB energy density spec-
trum from PBH binaries, compares it to that from as-
trophysical BBHs and discusses the detectability for fu-
ture GW detectors. The PBH background was shown
to have the same power law spectrum f2/3 as that from
astrophysical BBHs in the Advanced LIGO sensitivity
band. Moreover, it has been suggested that the SGWB
can be used to investigate the PBH abundance. Here, we
consider the constraints on the PBH abundance using
the SGWB in a different PBH binary formation frame-
work by Sasaki et al. [10] which produces binaries in the
early Universe, as opposed to that used by Ref. [43] which
forms binaries in the late Universe. Since the PBHs in the
early Universe are distributed more densely, the Sasaki
et al. [10] framework has a larger merger rate, leading to
a stronger SGWB amplitude compared with Ref. [43].
Constraining the primordial black hole abundance with
the stochastic gravitational-wave background.—Since the
first Advanced LIGO observation run did not find evi-
dence for a SGWB signal [42], we can use the nondetec-
tion to constrain the maximum SGWB energy density
spectrum ΩmaxGW(ν), and to further constrain the maxi-
mum PBH abundance fmax by equating
ΩmaxGW(ν) = ΩGW(ν;MPBH, fmax), (5)
thereby giving a upper limit fmax on the PBH abundance
for different MPBH. Taking advantage of the unique ob-
servational window from GW, the SGWB yields a new
independent constraint on the properties of PBHs which
we can compare to other methods, such as the lensing of
stars and quasars, dynamics of dwarf galaxies, large scale
structure and accretion effects on the CMB [21].
Figure 1 shows the current upper limit in the f -MPBH
plane from Advanced LIGO’s first observation run (O1,
2015–16, black solid), and the expected constraints from
the second observation run (O2, 2016–17, black dashed)
and the fifth observation run (O5, 2020–22, dot dashed).
For comparison, constraints on f from the EROS-OGLE
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FIG. 1. The constraints on the PBH fraction in dark mat-
ter fmax versus the PBH mass MPBH from the nondetection
of the SGWB from Advanced LIGO’s O1 and the expected
constraints based on the O2 and O5 projected sensitivities.
These constraints are compared to those from star microlens-
ing [15], quasar microlensing [16], dynamics of dwarf galaxies
[63] and accretion effects on CMB [19]. The local merger rate
for GW150914- and GW151226-like BBHs can also constrain
the PBH abundance with corresponding mass.
microlensing of stars (This result is obtained by com-
bining EROS and OGLE detections and achieved tighter
constraints by assuming that a few positive detections
from OGLE are explained by self-lensing.) [15] , mi-
crolensing of quasars [16], dynamics of dwarf galaxies
[63], and accretion effect on CMB [19] are also plotted.
In addition, the inferred local merger rates associated
with the GW150914- and GW151226 like BBHs can also
constrain the abundance of PBHs. Since we adopt a delta
PBH mass distribution following Sasaki et al. [10] given
the large theoretical uncertainty, for consistency, we also
consider the LIGO’s local merger rate estimated by as-
suming all the black holes have the same mass as detected
rather than an extended distribution. By imposing the
condition that RPBH(z = 0;MPBH, fmax) cannot exceed
the maximum of the estimated local merger rate, an up-
per limit on the PBH abundance fmax can be given with
corresponding MPBH, as shown in Fig. 1.
We see that up to now microlensing gives the tightest
4constraints in the mass range 10−3M .MPBH . 1M.
The new upper limit given by SGWB from Advanced
LIGO’s O1 gives the best constraint on the PBH abun-
dance in the mass range 1M .MPBH . 100M ( PBH
binaries with masses higher than ∼ O(102)M would
have lower cut-off frequency, thus would evade the fre-
quency band of Advanced LIGO), pushing the previ-
ous microlensing and dwarf galaxy dynamics constraint
tighter by 1 order of magnitude. Future observing runs of
Advanced LIGO are expected to improve the constraint
fmax further to O(10
−3).
Conversely, we can compare the SGWB spectra from
the current constraints to the expected Advanced LIGO
sensitivities. Fig. 2 shows the SGWB spectra from binary
PBH mergers for different chirp masses using the current
most stringent constraints of the PBH abundance. Here,
the chirp mass is defined by Mc = (m1m2)
3/5/(m1 +
m2)
1/5, where m1 and m2 are the component mass of
BBHs. Thus, Mc = MPBH/2
1/5 for PBHs of a fixed mass.
In Fig. 2, the black curves denote the 1σ sensitivity of
the LIGO-Virgo network expected for two first observ-
ing runs O1 (black solid) and O2 (black dashed), and at
the design sensitivity in O5 (black dot dashed) [41, 64].
The sensitivity curve is calculated in the context of the
cross correlation statistic method [60] with one year of
integration, and the coincident duty cycle is 30% for O1
and 50% for O2 and O5. If a model-predicting spectrum
intersects a black curve, then it has an expected signal-
to-noise ratio greater or equal than 1.
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FIG. 2. The SGWB spectra from subsolar mass binary
PBH mergers at the current best constraints from stellar mi-
crolensing. Nondetection in Advanced LIGO’s O2 can further
constrain the existence of subsolar mass PBHs.
From Fig. 2 we can see that the SGWB generated by
subsolar mass PBHs has the opportunity to be detected
by upcoming Advanced LIGO observing runs. Therefore,
the SGWB provides a possible way to explore the exis-
tence of subsolar mass PBHs, which would be a smoking
gun for the existence of PBHs since subsolar mass BHs
are not expected to be of a stellar origin. However, a
decisive evidence for PBHs would need the detection of
SGWB at high frequency, which is beyond the scope of
Advanced LIGO. Nevertheless, SGWB provides a com-
plementary channel to investigate the properties of sub-
solar mass BHs, even if their GW signal is too weak to
be individually resolved.
Discussion.—In this work, we place a novel constraint
on the PBH abundance in dark matter in the mass
range 0.01M−100M using the current nondetection of
SGWB from Advanced LIGO’s first observation run. As
a new observational window, the constraint from SGWB
is better than other methods such as microlensing and
dwarf galaxy dynamics by 1 order of magnitude in the
mass range 1M . MPBH . 100M. Finally, we also
find that the current most stringent constraints on the
abundance of subsolar mass PBHs can give a measurable
SGWB by future Advanced LIGO observing runs.
The coalescence of a pair of PBHs produces a BH of
higher mass, and this evolution of the mass distribution
has an effect on the SGWB spectrum. Nevertheless, at
the matter-radiation equality epoch zeq, only a pair of
PBHs that satisfies x < f1/3x¯ can form a binary [10],
where x is the physical separation between two neigh-
boring PBHs. This means that the fraction of PBHs
that can form binaries in the total PBH population is
x3max/x¯
3 ' f . Thus, the fraction of subsequent more-
massive PBH binaries in the original population of PBH
binaries is also given by f . From Fig. 1, the typical value
of fmax is of the order of O(0.01). However, the mass dou-
bling effect will only contribute an extra factor of 25/3 ∼ 3
to the GW energy density spectrum (dE/dν ∝ M5/3c ).
Therefore, we expect that the evolution of the mass dis-
tribution has a negligible effect on the SGWB in this
work’s scenario. However, we also notice that PBHs may
be clustered in the late Universe, boosting the formation
rate of more-massive PBH binaries. The effect of such
clustering is beyond the scope of this Letter and is left
for a future work.
Another consideration is that PBH binaries may be
formed with highly eccentric orbits, and these binaries
could preserve the eccentricity until merger if they coa-
lesce on timescales within years or less [44, 65]. In this
work, the contribution of PBH mergers to the SGWB
spectrum in the Advanced LIGO sensitive frequency
band comes from the redshift z < νcut/ν − 1. Com-
pared with the binary formation epoch, which is earlier
than the matter-radiation epoch zeq, the PBH binaries
are expected to have enough time to circularize the or-
bits. Therefore, we assume that the effects of eccentricity
are negligible when calculating the SGWB in this work.
However, when considering a lower frequency band, one
should include the influence of the gravitational-wave
emission from eccentric binaries (see, e.g., Ref. [66–72])
on the SGWB.
Finally, our results depend on the merger rate of Sasaki
et al. [10], which in turn assumes that binaries formed
5at early times and not merged yet survive until z = 0.
The PBH binary formation and evolution are still un-
der active investigation (see, e.g. Ref. [73–75]). Future
GW measurements will further shed light on the PBH
scenario.
Recently, three more GW events from BBH merger,
GW170104, GW170608 and GW170814, were announced
during the second Advanced LIGO-Virgo observation run
[76–78]. In the absence of a publicly available event rate
statement from each event alone and SGWB results for
the second observation run, we leave this analysis for
future work.
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